The treatment of grey water in two upflow anaerobic sludge blanket (UASB) reactors, operated at different hydraulic retention times (HRTs) and temperatures, was investigated. The first reactor (UASB-A) was operated at ambient temperature (14-25 W C) and HRT of 20, 12 and 8 h, while the second reactor (UASB-30) was operated at controlled temperature of 30 W C and HRT of 16, 10 and 6 h.
INTRODUCTION
Grey water is the wastewater generated in the household excluding toilet wastewater (black water), and represents the major volume of the domestic wastewater (60-75%) with low content of nutrients and pathogens (Otterpohl et al. ; Eriksson et al. ; Li et al. ) . Ecological sanitation, which is mainly based on separation between grey and black water, is considered a promising future solution for wastewater collection and treatment (Otterpohl et al. ) . In ecological sanitation, the wastewater is considered not only as a pollutant, but also as a resource for water, fertiliser and energy and for closing water and nutrients cycles (Otterpohl et al. ; Elmitwalli et al. ) .
Most grey-water treatment plants include one or twostep septic-tank for pre-treatment (Otterpohl et al. ) . Limited research has been published for evaluation of the septic tank performance in grey water pre-treatment. Siegrist () found that a conventional septic tank with an average detention time of 7 days removed only 25% of the chemical oxygen demand (COD) in grey water. The septic tank is used as a first step in grey water treatment, not only for removal of suspended solids (SS), but also for equalisation of grey water flow (Jefferson et al. ) . High peak flow factor (6.2) was reported for grey water (Imura et al. ) . The grey-water treatment needs both physical and biological processes for removal of particles, dissolved organic-matters and pathogens (Jefferson et al. ) . Recently, many researchers have studied grey-water treatment by different systems (Table 1) .
Upflow anaerobic sludge blanket (UASB) reactor is a low-cost system with both physical and biological removal. Therefore, it can be used for grey water pre-treatment instead of a septic tank and, accordingly, higher total chemical oxygen demand (COD t ) removal will be obtained in the pre-treatment step and low oxygen consumption might be applied in the post treatment system, i.e. micro-aerobic treatment process can be used. COD removal is limited in the UASB reactor at low temperatures and a long HRT is needed for providing sufficient hydrolysis of particulate organic in domestic wastewater (Zeeman & 
Batch recycling experiments
At the end of continuous operation of the UASB reactors, batch recycling experiments were carried out two times for each reactor in order to assess the maximum removal of the separate COD fractions present in the grey water. In each batch recycling experiment, the storage tank was filled with 28 L of grey water (four times the UASB reactor volume). Then, the UASB reactor was supplied with the raw wastewater for a period of 3 HRTs, but without imposing wastewater recycling. The aim of this action was to guarantee that the wastewater in the reactor will be identical in characteristics with the recycled wastewater. Following the adaptation period, the recycling experiment in the UASB reactor was started for a period of 5 days. During the course of the experiments, the COD-values of the various distinguished fractions of the recycled wastewater in the storage tank were measured.
Plain settling experiment
Since the conventional septic tank system, generally operated at HRT of 2-3 days, is the most commonly applied treatment option in practice for grey water pre-treatment and the main objective of the investigation is to find the correct arguments to substitute the conventional septic tank by UASB reactor, a plain settling experiment with a grey water sample was conducted in a column of 7 cm diameter and 2.0 m height.
Analysis
COD, total Kjeldahl nitrogen (TKj-N), ammonium (NH 4 -N), ortho and total phosphorous (PO 4 -P), total solids (TS) and volatile solids (VS) were determined as described by Standard Methods (APHA ). Raw samples were used for COD t , 4.4 μm folded paper-filtered samples for COD f and 0.45 μm membrane-filtered samples for dissolved COD (COD dis ). The suspended COD (COD ss ) and colloidal COD (COD col ) were calculated by the differences between COD t and COD f , COD f and COD dis , respectively. Anaerobic digestibility and maximum specific methanogenic activity (SMA max ) tests were performed at a temperature of 30 W C for sludge collected from the UASB reactors at the end of each operational phase. The digestibility and the SMA max were carried out for a mixture of the sludge from sampling ports in each reactor. The anaerobic digestibility tests were performed in 250 ml serum bottles, where 150 ml of sludge was added to each bottle followed by flushing with nitrogen gas for 5 min to guarantee anaerobic conditions. The tests were carried out without inoculum addition. Therefore, the anaerobic digestibility tests were performed for a long digestion period, 105 and 96 days for phase 1 and 2, respectively, of UASB-A reactor and for period of 76, 84 and 79 days for phase 1, 2 and 3, respectively, of UASB-30. The SMA max was measured according to Elmitwalli et al. () , but by measuring COD dis depletion (instead of acetate depletion) to simplify the test. The SMA max was determined based on the COD dis depletion in the second feed with an initial acetate concentration of 1.5 gCOD/L for each feed and a sludge concentration of 2 gVS/L. The anaerobic digestibility and SMA max tests were done in duplicate for each sample. The anaerobic biodegradability (AB max ) at a temperature of 30 W C was determined in duplicate for raw grey water. For obtaining representative values, the biodegradability was determined twice for different wastewater samples. The experiment was performed in serum bottles. The experiments were carried out without inoculum addition. Therefore, the AB max was determined after a long time of about 120 days. COD fractions were measured at the start and the end of each experiment.
RESULTS AND DISCUSSION

Batch experiments
The results of settling experiments show that after settling of the grey water for a long period of 2-3 days (similar to HRT of the septic tank), a limited removal of COD t is obtained (11-14%). Therefore, the septic tank is not an effective system for removal of SS in the grey water. The results of anaerobic biodegradability experiments demonstrate that the grey water has a high value of AB max (76 ± 4%), which is slightly higher than that reported by Abu Ghunmi () for Jordanian grey water (72 ± 12). The results of batch recycling experiments show that for achieving the maximum COD removal, about 2-3 days of wastewater recycling is required (Figure 2 ). The results demonstrate that the UASB reactor is an efficient system for grey-water treatment, as the maximum removal efficiency for COD t , COD ss , COD col and COD dis at tempera- Removal of COD fractions in the UASB reactor Although the UASB-A reactor has the highest HRT (20 h) in the first phase of operation, the reactor has the lowest COD t removal, mainly because the UASB-A reactor is operated at a low temperature (between 14 and 21 W C).
However, the UASB-A reactor has a better performance than the septic tank at HRT of 2-3 days. The results indicate that higher COD t removal is obtained at higher wastewater temperature of 30 W C, even at a short HRT of 6 h. , 47 and 45%, respectively. This might be due to higher COD ss content in the grey water used in this study. Two-step UASB or UASB-anaerobic filter, which has a higher COD removal than one-step as found by Elmitwalli et al. () and Halalsheh () in domestic wastewater treatment, can be applied for the optimisation of COD removal in grey water pre-treatment. Application of the UASB reactor for grey water pre-treatment will lead to a high COD removal at short HRT and, therefore, the performance of the post treatment (mainly aerobic) process will be optimised. Accordingly, low oxygen consumption (micro-aerobic condition) might be sufficient for post treatment.
Relationships between COD fractions and operational parameters of the UASB reactor that the sludge bed in the UASB reactor is a completely stirred tank reactor and made many assumptions for wastewater characteristics and kinetic constants based on the previous studied. Therefore, it is difficult to use ADM1 for modeling grey water treatment in the UASB reactor based on the available data in this research and previous research results. The influent COD concentration, HRT of the reactor and wastewater temperature are considered the main parameters affecting reactor performance (Zeeman & constants. Table 3 represents the application results of the proposed equation for all COD fractions. It can be found from the relationships that the effluent concentration of all COD fractions is directly proportional to the influent COD concentration and is inversely proportional to both HRT in the reactor and wastewater temperature. Table 4 demonstrates the average concentration and removal efficiency of nutrients (N and P) for grey water treatment in the UASB reactors. The results show that the grey water has a limited amount of nitrogen, which is mainly in particulate form (80-90%). The UASB reactor removes only the particulate nutrients by sedimentation and filtration. Although the UASB reactor is efficient in the removal of COD ss , the reactor has a limited removal of Table 2 | Average concentration and removal efficiency of COD fractions for grey water treatment in the UASB reactors at different HRTs
Nutrients removal in the UASB reactor
Removal ( 681 (124) 31 (5) 647 (137) 41 (13) 682 (106) 33 ( 268 (115) 61 (12) 298 (101) 61 (20) 327 (64) 42 ( 291 (122) 18 (13) 231 (86) 28 (22) 219 (71) 28 ( 134 (27) 23 (12) 117 (40) 16 (16) 136 (33) 14 (33) Standard deviations are in brackets. particulate nutrients, especially particulate nitrogen. Therefore, it seems that most of particulate nutrients in the grey water are in colloidal form, as the UASB reactor has low removal of COD col . The removal of NH 4 is fluctuated and sometimes has a negative removal, which might be due to hydrolysis of protein.
Sludge characteristics in the UASB reactor Figure 3 and Table 5 show, respectively, the sludge profile and the characteristics of the sludge in the UASB reactors at the end of each operational phase. The results demonstrate that decreasing the HRT or wastewater temperature in the UASB reactor decreases the average sludge concentration. The sludge profile at higher temperatures indicates that the sludge bed is more homogeneous, while at lower temperatures, high sludge concentration is only presented on the bottom of the reactor. The average sludge concentration in the UASB reactor (8.7-14.1 g VS/L) is slightly lower than that reported in the treatment of municipal wastewater (>15 g VS/L, Halalsheh ; Leitao ).
The relatively low sludge concentration in the UASB reactor treating grey water is mainly due to the lower VS/TS ratio, as compared to that in the treatment of municipal wastewater (60-85%, Elmitwalli et al. ) . The COD/VS ratio is similar to that reported for the treatment of municipal wastewater in the UASB reactor (Halalsheh ) . It is clear that a significant amount of the seed sludge was lost in the experiments. Therefore, for a good performance, a certain type of 'optimal' sludge beds expansion (or -in other words -a good contact) is needed. Accordingly, it is clear why conventional septic tanks perform so poorly, i.e. too little contact between sludge and wastewater. The results demonstrate that at increasing temperature or decreasing HRT in the UASB reactor, the SMA max Table 4 | Average concentration and removal efficiency of nutrients (N and P) for grey water treatment in the UASB reactors
Total PO improves and the digestibility decreases. However, at short HRT, low removal of all COD fractions is obtained. Lower SMA max at longer HRT might be due to high SS removal in the reactor with low hydrolysis especially at low temperature. Therefore, accumulation of SS in the reactor can lead to deterioration of SMA max (Alphenaar ) . Accordingly, the design HRT of the reactor should not be short or long to guarantee high removal of COD, hydrolysis of entrapped SS and SMA max of the sludge. The long sludge residence time (SRT) and low sludge-digestibility illustrate that the sludge in the reactor has a sufficient stability.
CONCLUSIONS
The results reveal that the anaerobic biodegradability of grey water is relatively high, i.e. on COD-basis 76% at 30 W C and a maximum COD t -removal of 79% at 20 W C and 84% at 30 W C.
As expected the one-step UASB reactor provides a significantly higher COD t removal (31-64%) than a septic tank (11-14%) even at low temperature. Regarding these promising results and considering the simple design and the low costs of such a one-step UASB-system, it certainly offers attractive potential for treating grey water in practice, i.e. it can replace conventional septic tank systems for grey water pre-treatment. As generally the peak flow factor in the case of grey water is high with a value of 6.2, UASB reactors treating grey water should be designed on the basis of having a relatively long HRT, as compared to the application for treatment of domestic wastewater, i.e. based on the results obtained a HRT between 8 and 12 h at operational temperatures in the range 20-30 W C and 12-24 h at temperature lower than 20 W C. Relatively high operational temperatures can be maintained in a UASB reactor treating grey water by applying proper insulation of the reactor and the feed supply lines. The results of the study clearly indicate that a significantly better treatment performance can be expected by using a properly designed two-stage UASB-system, or possibly two stage UASB-AF-system, the more so because the overall HRT of such a concept might be substantially lower. Although the design and construction of such a system certainly is slightly more complex, we highly recommend assessing the feasibility of such a concept in future research. 
